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(54) Semi-insulating substrate, semiconductor optical device and fabrication method of 
semiconductor thin film 



(57) A semi-insulating InP substrate in which a Ru- 
doped semi-insulating semiconductor layer is formed on 
the surface is provided, wherein the Ru-doped semi-in- 
sulating semiconductor layer has a complete semi-insu- 



lating property. The semiconductor optical device is fab- 
ricated by forming the Ru-doped semi-insulating semi- 
conductor layer on a Fe-doped semi-insulating InP sub- 
strate, and forming a semiconductor crystal layer to 
which a p-type impurity is doped. 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 5 

[0001] The present invention relates to a semi-insu- 
lating InP substrate, a fabrication method of semicon- 
ductorthin film, and a semiconductor optical device fab- 
ricated by using the method. 

2. Description of the Related Art 

[0002] A semiconductor device fabricated on a semi- 
insulating substrate such as a semiconductor laser, a 
semiconductor optical modulator, a monolithically inte- 
grated laser and modulator can perform high speed 
modulation since device capacitance of such a semi- 
conductor device is smallerthan that of a semiconductor 
devicefabricated on an n-type substrate or a p-type sub- 
strate. Therefore, the semiconductor optical device fab- 
ricated on the semi-insulating semiconductor substrate 
is indispensable for realizing a high capacity optical 
transmission system. 

[0003] Generally, these semiconductor devices have 
a structure in which an about 2^m-width mesa stripe is 
buried with a semi-insuiating semiconductor or stacked 
layers including a pn-junction. The mesa stripe is formed 
by stacking an n-type semiconductor crystal layer, a 
nondoped semiconductor crystal layer and a p-type 
semiconductor crystal layer in this order (refer to Japa- 
nese laid open patent application No.11 -24020, for ex- 
ample). 

[0004] However, when adopting this layer structure, 
device resistance can not be decreased, because a p- 
electrode with larger contact resistance than that of an 
h-electrode must be used as a top electrode. Since an 
area of a top electrode with a narrow stripe pattern is 
smallerthan that of a bottom electrode, a resistance of 
the device with a p-type top electrode is larger than that 
of the device with a p-type bottom electrode. Therefore, 
good device performance can not be obtained. 
[0005] Thereasonforformingthen-typesemiconduc- 
tor layer adjacent to the semi-insulating substrate is to 
avoid inter-diffusion between Zn and Fe which is widely 
used as a semi-insulating impurity for InP. More specif- 
ically, the reason is that, if a Zn-doped semiconductor 
crystal layer is grown on a Fe-doped semi-insulating 
substrate, inter-diffusion between Fe and Zn occurs so 
that concentration of p-type dopant decreases and the 
semi-insulating property of the substrate degrades. The 
p-type impurity that causes inter-diffusion between the 
p-type impurity and Fe is not limited to only Zn. Other p- 
type impurities such as Be, Cd, and Mg cause similar 
inter-diffusion. 

[0006] To solve this problem, Japanese laid open pat- 
ent application No. 2000-332287 discloses a technology 
in which a buffer layer is inserted between the semi-in- 



sulating substrate and the Zn-doped semiconductor lay- 
er for preventing the inter-diffusion. As examples of the 
buffer layer, a low concentration p-type layer and a low 
concentration semi-insulating doping layer are dis- 
closed. That is, inter-diffusion is prevented by lowering 
the concentration of the p-type impurity or the semi-in- 
sulating impurity. 

[0007] However, this structure includes the following 
problems. As shown in Figs.2 and 4, and the corre- 
sponding descriptions in the Japanese laid open patent 
application No. 2000-332287, when a low concentration 
p-type layer is used for preventing inter-diffusion, the p- 
type dopant concentration must be adjusted to about 
1 x10 15 cnr 3 . When a low concentration semi-insulating 
doping layer is used, the dopant concentration must be 
adjusted to about 5 X 10 15 cm" 3 . 
[0008] If the dopant concentration increases to about 
1 x10 16 cnr 3 , the amount of diffusion of the dopant in- 
creases to the extent that device performance de- 
grades. However, since it is difficult to control doping 
concentration accurately at a low concentration region, 
it is difficult to fabricate high performance devices by 
high yield with good reproducibility. More specifically, 
when inserting the low concentration p-type layer as the 
buffer layer, depletion in the low concentration p-type 
layer occurs, and the conductivity of a part of the semi- 
insulating substrate becomes a p-type due to diffusion 
of the p-type dopant. As a result, parasitic capacitance 
increases, and, since a low-resistive layer is formed in 
the substrate, leakage currents increase, and, there is 
a problem in that complete electrical isolation of the de- 
vices are not obtained. In addition, when diffused p-type 
dopant reaches the active region of the device, perform- 
ance of the device directly degrades. In the same way, 
when the low concentration semi-insulating doping layer 
is inserted as the buffer layer, the conductivity of a part 
of the semi-insulating substrate becomes p-type, and 
performance of the device degrades due to diffusion of 
the p-type dopant. As a result, there occurs a problem 
in that parasitic capacitance increases, and complete 
electrical isolation of the devices are not obtained. 
[0009] As for the low concentration semi-insulating 
doping layer, the Japanese laid open patent application 
2000-332287 discloses that a layer to which Ru is doped 
at a low concentration is used as the buffer layer for pre- 
venting inter-diffusion of dopants between the semi-in- 
sulating substrate and the p-type semiconductor layer. 
However, the doping concentration for the semi-insulat- 
ing layer is equal to or below 1 x1 0 16 cnr 3 according to 
the Japanese laid open patent application 
2000-332287. As is described in A.Dadger et al., Ap- 
plied Physics Letters 73, No 26 pp 3878-3880 (1998), 
for example, it is known that the ratio of electronically 
activated Ru atoms that compensate for electrons to the 
doped Ru atoms in the semiconductor layer is about 6%. 
Therefore, when the doping concentration of Ru in the 
semiconductor layer is 1 x10 16 cnr 3 , the concentration 
of the activated Ru atoms that compensate for electrons 
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is about 6x1 0 14 cnrr 3 . However, since the concentration 
of electrons in a nondoped InP layer is usually from 
1x10 15 cm- 3 to 1x10 16 cnr 3 , it is difficult to obtain the 
semi-insulating InP layer by using the Ru doping con- 
centration of 1x10 16 cm" 3 . Therefore, the semiconduc- 
tor layer with low Ru concentration of 1x10 16 cnr 3 or 
less does not have a complete semi-insulating property, 
so thatthe conductivity of the low Ru concentration sem- 
iconductor layer may become n-type, which may cause 
an increase of parasitic capacitance and leakage cur- 
rents, and degradation of device performance. 
[0010] Recently, it has been found that a Ru-doped 
InP layer is semi-insulating, and that, inter-diffusion be- 
tween Zn and Ru does not occur when a Ru-doped 
semi-insulating InP crystal layer is grown on a Zn-doped 
semiconductor crystal layer by using the MOVPE (Met- 
alorganic Vapor Phase Epitaxy) method (A.Dadger et 
al., Applied Physics Letters 73, No 26 pp 3878-3880 
(1998)). 

[0011] Generally, Fe, as a semi-insulating dopant, is 
used forfabricating a semi-insulating InP substrate. The 
semi-insulating InP substrate is obtained by growing an 
ingot 2 inches in diameter using the LEC (Liquid Encap- 
sulated Czochralski) method, and by slicing the ingot. 
[0012] However, a Ru-doped semi-insulating sub- 
strate has not been obtained. In addition, a semi-insu- 
lating substrate on which a Ru-doped semiconductor 
layer that has a complete semi-insulating property is 
formed has not be obtained. 

[0013] The semiconductor layer that has a complete 
semi-insulating property is defined to be a semiconduc- 
tor layer in which an electron compensator is doped at 
a concentration higher than the concentration of elec- 
trons in the semiconductor layer so that the semicon- 
ductor layer has a semi-insulating property. In this defi- 
nition, the electron compensator is the active Ru that 
acts as the electron compensator. 
[0014] In addition, it has not been reported that a sem- 
iconductor optical device is formed on a Ru-doped sem- 
iconductor layer that has a complete semi-insulating 
property. 

SUMMARY OF THE INVENTION 

[0015] An object of the present invention is to solve a 
problem caused by forming a p-type semiconductor lay- 
er on the Fe-doped semi-insulating InP substrate. 
[0016] In the present invention, a semi-insulating InP 
substrate with a new structure, a method for forming a 
p-type semiconductor layer on the semi-insulating sub- 
strate, and a semiconductor optical device fabricated by 
using the method are proposed. 
[0017] The above-mentioned object can be achieved 
by a semi-insulating substrate comprising: 

a substrate; 

a Ru-doped semi-insulating semiconductor layer 
that is formed on the substrate; and 



wherein the Ru-doped semi-insulating semicon- 
ductor layer has a complete semi-insulating property. 
[001 8] The semiconductor layer that has a complete 
semi-insulating property is defined to be a semiconduc- 

5 tor layer in which an electron compensator is doped at 
a concentration higher than the concentration of elec- 
trons in the semiconductor layer so that the semicon- 
ductor layer has a semi-insulating property. In this defi- 
nition, the electron compensator is the active Ru that 

10 acts as the electron compensator. 

[0019] In the semi-insulating substrate the substrate 
may be a Fe-doped semi-insulating InP substrate; and 
the Ru-doped semi-insulating semiconductor layer may 
be a Ru-doped semi-insulating InP layer. 

15 [0020] In addition, in the semi-insulating substrate, 
the substrate may be a Fe-doped semi-insulating InP 
substrate; and the Ru-doped semi-insulating semicon- 
ductor layer may be a Ru-doped semi-insulating InAIAs 
layer, or a Ru-doped semi-insulating InGaAs layer, or a 

20 Ru-doped semi-insulating InGaAIAs layer, or a Ru- 
doped semi-insulating InGaAsP layer. 
[0021] The above-mentioned object is also achieved 
by a semiconductor optical device comprising at least a 
p-type semiconductor layer, a nondoped semiconductor 

25 layer and an n-type semiconductor layer, which are 
stacked in this order on a semi-insulating substrate; 
the semi-insulating substrate comprising: 

a substrate; 

30 a Ru-doped semi-insulating semiconductor layer 
that is formed on the substrate; and 

wherein the Ru-doped semi-insulating semicon- 
ductor layer has a complete semi-insulating property. 
35 [0022] The above-mentioned object is also achieved 
by a fabrication method of semiconductorthin film, com- 
prising the steps of: 

forming a Ru-doped semi-insulating semiconductor 
40 layer on a Fe-doped semi-insulating InP substrate, 
wherein the Ru-doped semi-insulating semicon- 
ductor crystal layer has a complete semi-insulating 
property; and 

forming a semiconductor crystal growth layer to 
45 which a p-type impurity is doped. 

[0023] That is, in the present invention, a Ru-doped 
InP layer or a Ru-doped alloy semiconductor crystal lay- 
er such as InGaAsP, InGaAs, InGaAIAs and InAIAs 
50 which are lattice-matched to InP is formed between a 
Fe-doped semi-insulating substrate and a p-type impu- 
rity doped semiconductor layer in order to prevent inter- 
diffusion between Fe and p-type impurity. 
[0024] The Ru doping concentration means a concen- 
ts tration of Ru atoms incorporated into the semiconductor 
crystal, and this concentration is different from that of 
active Ru which acts as an electron compensator. 
[0025] Normally, the activation ratio of Ru is about 6 
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% in a (100) oriented semiconductor crystal. 
[0026] The present invention is contrived by using a 
unique characteristic of Ru in that, Ru is an impurity for 
making the semiconductor crystal, such as InP, semi- 
insulating, and that, inter-diffusion between Ru and the 5 
p-type impurity does not occur even when Ru is doped 
at a high concentration. Therefore, the Ru-doped sem- 
iconductor layer of the present invention is different from 
the buffer layer disclosed in the Japanese laid open pat- 
ent application No. 2000-332287. In the present inven- 
tion, Ru is doped at a high concentration such that the 
InP layer has a complete semi-insulating property. On 
the other hand, the semi-insulating impurity is doped at 
a low concentration in the conventional technology. This 
is one of the different points between the present inven- 
tion and the conventional technology. Therefore, ac- 
cording to the present invention, the Ru-doped InP layer 
has a complete semi-insulating properly, and inter-dif- 
fusion between Ru and the p-type impurity does not oc- 
cur, so that a stable, highly resistive layer can be real- 
ized. Thus, a high performance device without leakage 
currents can be obtained. 

[0027] According to the present invention, the follow- 
ing effects can be obtained. 

[0028] Since the Ru-doped InP layer is semi-insulat- 
ing and inter-diffusion between a p-type impurity such 
as Zn and Ru does not occur, a semi-insulating sub- 
strate with astable highly resistive layer can be realized. 
In addition, even when a high concentration p-type sem- 
iconductor layer is directly formed on the semi-insulating 
semiconductor substrate, resistivity of the substrate is 
not lowered and conductivity of the p-type semiconduc- 
tor layer is not lowered. 

[0029] In addition, a Ru-doped alloy semiconductor 
crystal layer such as Ru-doped InGaAsP, Ru-doped In- 
GaAs, Ru-doped InGaAIAs and Ru-doped InAIAs is also 
semi-insulating, and inter-diffusion between a p-type im- 
purity such as Zn and Ru does not occur if these Ru- 
doped alloy layers are formed on the semi-insulating 
substrate. Thus, a stable semi-insulating substrate with 
a highly resistive layer can be realized. Further, even 
when a high concentration p-type semiconductor layer 
is formed directly on the semi-insulating semiconductor 
substrate, resistivity of the substrate is not lowered and 
conductivity of the p-type semiconductor layer is not 
lowered. 

[0030] Therefore, the substrate in which the Ru- 
doped layer is formed on the Fe-doped semi-insulating 
InP substrate can be used as a semi-insulating sub- 
strate. In addition, even when a semiconductor layer 
which includes a p-type dopant such as Zn is formed on 
the semi-insulating substrate, inter-diffusion between 
Ru and the p-type dopant does not occur. 
[0031] Similarly, when the semiconductor layer that 
includes the p-type dopant such as Zn is formed after 
the Ru-doped layer is formed on the Fe-doped semi-in- 
sulating InP substrate, inter-diffusion between Ru and 
the p-type dopant does not occur. 



[0032] Further, as mentioned above, as for a semi- 
conductor optical device formed by stacking at least a 
p-type semiconductor layer, a nondoped semiconductor 
layer and an n-type semiconductor layer on the semi- 
insulating InP substrate with the Ru-doped layer on the 
substrate, inter-diffusion between Ru and the p-type do- 
pant does not occur. Therefore, since the device can be 
formed such that the p-electrode with a large area can 
be placed as a bottom layer, and an n-electrode with a 
small area can be placed as a top layer, resistivity can 
be decreased and good performance can be obtained. 

BRIEF DESCRIPTION OFTHE DRAWINGS 

[0033] Other objects, features and advantages of the 
present invention will become more apparent from the 
following detailed description when read in conjunction 
with the accompanying drawings, in which: 

Fig.1 shows a structure of a semi-insulating InP 
substrate according to a first embodiment of the 
present invention; 

Fig.2 is a figure for explaining a method for forming 
semiconductor layers according to a second em- 
bodiment of the present invention; 
Figs.3A-4B are figures for explaining a method for 
fabricating a semiconductor optical device accord- 
ing to third and fourth embodiments of the present 
invention. 

DETAILED DESCRIPTION OFTHE PREFERRED 
EMBODIMENTS 

[0034] In the following, embodiments of the present 
invention will be descried with reference to figures. 

(First embodiment) 

[0035] Fig.1 shows the first embodiment of the 
present invention. The first embodiment is a semi-insu- 
lating InP substrate in which a Ru-doped semi-insulating 
semiconductor layer 200 is formed on the surface of a 
Fe-doped semi-insulating InP substrate 100, in which 
the concentration of the doped Ru is for obtaining the 
semiconductor layer 200 with a complete semi-insulat- 
ing property. 

[0036] The Ru-doped layer 200 is a Ru-doped InP, or 
an alloy semiconductor crystal layer such as InGaAsP, 
InGaAs, InGaAIAs and InAIAs layer which are lattice- 
matched to InP. 

[0037] The semi-insulating InPsubstrateaccordingto 
this embodiment can be used as a semi-insulating sub- 
strate since the Ru-doped semi-insulating layer 200 is 
formed on the Fe-doped semi-insulating InP substrate 
100 which is a conventional substrate, in addition, inter- 
diffusion between Ru and the P-type dopant does not 
occur even when a semiconductor layer inclu ding p-type 
dopant such as Zn is formed on the substrate. 
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[0038] That is, since the Ru-doped layer 200 is semi- 
insuiating, and inter-diffusion between Ru and the p- 
type impurity does not occur, a semi-insulating InP sub- 
strate with a stable and highly resistive layer can be re- 
alized. 5 
[0039] Such Ru-doped layer 200 can be easily formed 
by the MOVPE method. An 1p.m-thick Ru-doped InP lay- 
er or InAIAs layer is grown on a Fe-doped semi-insulat- 
ing InP substrate 1 00 by using the MOVPE method. Bis 
(il 5 -2,4-dimethylpentadienyl)-ruthenium(lI) is used as a 
source material for Ru. In the growth of the Ru-doped 
InP, the following typical growth conditions are used. 
That is, hydrogen is used as a carrier gas, pressure in 
the growth reactor is 5.0kPa, the growth temperature is 
600°C, supplying ratio of the group V precursor to the 
group III precursor (V/lll ratio) is 10-20. 
[0040] The resistivity of the grown Ru-doped InP is 
10 8 -10 9 Qcm, which is a high resistivity the same as that 
of the Fe-doped semi-insulating InP substrate. The Ru 
doping concentration in this case is about 1 x10 18 cnr 3 . 
Like this Ru-doped InP, the resistivity of the Ru-doped 
InAIAs layer is 1 0 8 -1 0 9 &cm. Thus, it can be understood 
that a highly resistive InAIAs layer is obtained. The Ru 
doping concentration of the Ru-doped InAIAs layer is al- 
so about 1x1 0 18 cm" 3 . 

(Second embodiment) 

[0041] Fig.2 shows the second embodiment of the 
present invention. In this embodiment, a semiconductor 
thin film is formed in the following way. 
[0042] First, an 1 jxm-thick Ru-doped InP layer 2 (Ru 
doping concentration is about 1 x10 18 cnr 3 ) is grown on 
a (100) oriented Fe-doped semi-insulating InP substrate 
1 by the MOVPE method. Bis(rj 5 -2,4-dimethylpentadi- 
enyl)ruthenium(ll) is used as a source material for Ru. 
[0043] Next, an 1jim-thick Zn-doped p-lnP cladding 
layer 3, a 0.15|inn-thick nondoped InGaAsP/lnGaAsP 
strained MQW (multiple quantum well) active layer 4 
(lasing wavelength 1 ,55jxm), an 1.5^m-thick Se-doped 
n-lnP cladding layer 5, a 0.1|xm-thick Se-doped n-In- 
GaAsP contact layer 6 (bandgap wavelength 1.3p.m), 
and a 0.3|j.m-thick Se-doped n-lnGaAs contact layer 7 
are grown in this order. 

[0044] Each compound semiconductor layer except 
for the active layer is lattice-matched to the InP sub- 
strate except where specifically noted. 
[0045] In this embodiment, the Ru-doped semi-insu- 
lating InP layer 2 is inserted between the Fe-doped 
semi-insulating InP substrate 1 and the Zn-doped p-type 
InP cladding layer 3, in which the concentration of the 
doped Ru isforobtainingthesemiconductorlayer2with 
a complete semi-insulating property. Therefore, inter- 
diffusion between Fe and Zn can be prevented. 
[0046] As a result, conventional problems are solved. 
That is, the semi-insulating property of the substrate 
does not degrade, and the concentration of the p-type 
dopant in the p-type cladding layer does not decrease. 



(Third embodiment) 

[0047] Figs.3A-4B show the third embodiment of the 
present invention. In this embodiment, a semiconductor 
laser is fabricated on the semi-insulating semiconductor 
substrate of the first embodiment. The semiconductor 
optical device in this embodiment is fabricated in the fol- 
lowing way. 

[0048] First, as shown in Fig.3A, an 1jxm-thick Ru- 
doped InP layer 2 (Ru doping concentration is about 
1x10 18 cm _3 ) is grown on a (100) oriented Fe-doped 
semi-insulating InP substrate 1 by the MOVPE method. 
Bis(r| 5 -2,4-dimethylpentadienyl) ruthenium(ll) is used 
as a source material for Ru. 

[0049] Next, an 1p.m-thick Zn-doped p-InP cladding 
layer 3, a 0.15fim-thick nondoped InGaAsP/lnGaAsP 
strained MQW (multiple quantum well) active layer 4 
(lasing wavelength 1.55^m), an 1.5^m-thick Se-doped 
n-lnP cladding layer 5, a 0.1]im-thick Se-doped n-In- 
GaAsP contact layer 6 (bandgap wavelength 1.3|im), 
and a 0.3jim-thick Se-doped n-lnGaAs contact layer 7 
are grown in this order. 

[0050] Each compound semiconductor layer except 
for the active layer is lattice-matched to the InP sub- 
strate except where specifically noted. 
[0051] Next, as shown in Fig.3A, the layers which are 
not covered by a Si0 2 mask 8 are etched to about half- 
way through the Zn-doped n-lnP cladding layer 3 by RIE 
(reactive ion etching), so that a mesa stripe with about 
2fim width and about 2.5|xm height is formed. 
[0052] In addition, as shown in Fig.3B 5 the Si0 2 mask 
8 and one side of the mesa stripe are covered with a 
photo resist 9. Then, the side which is not covered by 
the photo resist 9 is etched to halfway through the Ru- 
doped InP layer 2 by RIE. 

[0053] After that, the photo resist 9 is removed, and, 
asshown in Fig.4A, a3jxm-thicksemi-insulating InP bur- 
ying layer 1 0 is grown (Ru doping concentration is about 
2 x 1 0 1 8 cnr 3 ) on both sides of the mesa stripe while dop- 
ing Ru by the MOVPE method. 
[0054] Then, as shown in Fig.4B, a part of the Ru- 
doped semi-insulating InP burying layer 10 is removed 
by RIE, so that the Zn-doped InP cladding layer 3 is ex- 
posed, and a p-electrode 12 is formed on the surface. 
In addition, an n-electrode 13 is formed on the top of the 
mesa stripe. 

[0055] In this embodiment, the Ru-doped semi-insu- 
lating InP layer 2 is inserted between the Fe-doped 
semi-insulating InP substrate 1 and the Zn-doped p-lnP 
cladding Iayer3, in which the concentration of thedoped 
Ru is for obtaining the InP layer 2 with a complete semi- 
insulating property. Since Ru is doped in this Ru-doped 
semi-insulating InP layer 2 at a high concentration, this 
layer is highly resistive. This is different from the con- 
ventional technology 

[0056] By adopting this structure, the Ru-doped semi- 
insulating InP layer 2 is inserted between the Fe-doped 
semi-insulating InP substrate 1 and the Zn-doped p-lnP 
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cladding layer 3, so that inter-diffusion between Fe and 
Zn can be prevented, in which the Ru-doped semi-insu- 
lating InP layer 2 has a complete semi-insulating prop- 
erty by doping Ru at a high concentration. 
[0057] As a result, conventional problems are solved, s 
That is, the semi-insulating, property of the substrate 
does not degrade, and the concentration of the p-type 
dopant in the p-type cladding layer does not decrease. 
[0058] Performance of the semiconductor laser of this 
embodiment improves compared with a conventional 
device in which an n-type semiconductor crystal layer, 
a nondoped semiconductor crystal layer and a p-type 
semiconductor crystal layer are formed in this order. The 
differential resistance is 40 which is about two-thirds of 
that of a conventional device, the threshold current is 
about 6mA which is about two-thirds of that of a conven- 
tional device, the optical output is 30mW at 200mA 
which is about 1 .5 times of that of a conventional device. 
The frequency response for a small signal modulation 
is about 20 GHz at 3dB bandwidth which is about 1 .5 
times of that of a conventional device. 
[0059] As mentioned above, inter-diffusion between 
Ru and the p-type dopant does not occur in the semi- 
conductor optical device structured by stacking at least 
the p-type semiconductor layer 3, the nondoped semi- 
conductor Iayer4, the n-type semiconductor layers 5, 6, 
7 on the Ru-doped layer 2 provided on the semi-insu- 
lating InP substrate 1 . Therefore, the conductivity of the 
bottom electrode 1 2 with a large area can be p-type, and 
the conductivity of the top electrode 13 can be n-type. 
[0060] As a result, resistivity of the device can be de- 
creased, so that high performance can be obtained. 
[0061] Instead of the Ru-doped semi-insulating InP 
layer 2, a Ru-doped alloy semiconductor crystal layer 
such asasemi-insulating InAlAs layer, a semi-insulating 
InGaAs layer, a semi-insulating InGaAIAs layer, a semi- 
insulating InGaAsP layer or the like can be used, and 
the same effect can be obtained. By using the alloy sem- 
iconductor crystal layer, flexibility of device design in- 
creases since the refractive index or bandgap can be 
changed by changing the composition of the alloy sem- 
iconductor crystal. In addition, Zn diffusion can be pre- 
vented more effectively since diffusion of impurity less 
likely occurs in the alloy semiconductor crystal than in 
InP. 

(Fourth embodiment) 

[0062] Next, a semiconductor optical modulator with 
InGaAsP/lnGaAsP MQW layer will be described as the 
fourth embodiment. 

[0063] Since the structure of this semiconductor opti- 
cal modulator is almost the same as that of the semi- 
conductor laser shown in Figs.3A-4B, the semiconduc- 
tor optical modulator will be described with reference to 
Figs.3A-4B. 

[0064] First, as shown in Fig.3A, an l^im-thick Ru- 
doped InP layer 2 (Ru doping concentration is about 



1x10 18 cm" 3 ) is grown on a (100) oriented Fe-doped 
semi-insulating InP substrate 1 by the MOVPE method. 
Bis(rj 5 -2,4-dimethylpentadienyl) ruthenium(ll) is used 
as a source material for Ru. 

[0065] Next, an 1p.m-thick Zn-doped p-lnP cladding 
layer 3, a 0.15p.m-thick nondoped InGaAsP/lnGaAsP 
strained MQW (multiple quantum well) photoabsorption 
layer 4, an 1.5jim-thick Se-doped n-lnP cladding layer 
5, a O.ljim-thick Se-doped p-lnGaAsP contact layer 6 
(bandgap wavelength 1.3jim), and a 0.3,um-thick Se- 
doped n-lnGaAs contact layer 7 are grown in this order. 
[0066] Each compound semiconductor layer except 
for the photoabsorption layer is lattice-matched to the 
InP substrate except where specifically noted. 
[0067] Next, as shown in Fig.3A, the layers which are 
not covered by a Si0 2 mask 8 are etched to about half- 
way through the Zn-doped p-lnP cladding layer 3 by RIE 
(reactive ion etching), so that a mesa stripe with about 
2jxm width and about 2.5|am height is formed. 
[0068] In addition, as shown in Fig.3B, the Si0 2 mask 
8 and one side of the mesa stripe are covered with a 
photo resist 9. Then, the side which is not covered by 
the photo resist 9 is etched to halfway through the Ru- 
doped InP layer 2 by RIE. 

[0069] After that, the photo resist 9 is removed, and, 
as shown in Fig.4A, a 3[im-thick semi-insulating InP 1 0 
burying layer is grown (Ru doping concentration is about 
2x 1 0 1 8 crrr 3 ) on both sides of the mesa stripe while dop- 
ing Ru by the MOVPE method. 
[0070] Then, as shown in Fig.4B, a part of the Ru- 
doped semi-insulating InP burying layer 10 is removed 
by RIE, so that the Zn-doped InP cladding Iayer3 is ex- 
posed, and a p-electrode 12 is formed on the surface. 
In addition, an n-electrode 13 is formed on the top of the 
mesa stripe. 

[0071] Performance of the semiconductor optical 
modulator of this embodiment improves compared with 
a conventional device in which an n-type semiconductor 
crystal layer, a nondoped semiconductor crystal layer 
and a p-type semiconductor crystal are formed in this 
order on the semi-insulating substrate. The differential 
resistance is 4Q, which is about two-thirds of that of a 
conventional device. The frequency response for a 
small signal modulation is about 20 GHz at 3dB band- 
width which is about 1 .5 times of that of a conventional 
device. 

[0072] Instead of the Ru-doped semi-insulating InP 
layer 2, a Ru-doped alloy semiconductor crystal layer 
such as a semi-insulating InAlAs layer, a semi-insulating 
InGaAs layer, semi-insulating InGaAIAs layer, a semi- 
insulating InGaAsP layer or the like which are lattice- 
matched to InP can be used, and the same effect can 
be obtained. By using such alloy semiconductor crystal 
layer, flexibility of device design increases since the re- 
fractive index or bandgap can be changed by changing 
the composition of the alloy semiconductor crystal. 
[0073] In addition, instead of using Zn as the p-type 
impurity in the p-type cladding layer, another p-type im- 
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purity (Be, Cd, Mg and the like) can be used, and the 
same effect can be obtained. 
[0074] In addition, instead of using the Ru-doped InP 
crystal as the burying layer 1 0, materials which are lat- 
tice-matched to InP such as InGaAIAs, InAlAs and the 
like can be effectively used. Further, materials other 
than the semiconductor, such as polyimide and the like 
can be used as the burying layer. 
[0075] In addition, although the InGaAsP/ln- 
GaAsP-MQW is used as the MQW layer in the above- 
mentioned embodiment, the present invention is effec- 
tive for every structure of bulk layers, MQW layers and 
the like such as I nP-lnGaAsP-lnGaAs structure, InAIAs- 
InGaAIAs-lnGaAs structure and the like. 
[0076] Although the semiconductor laser and the 
semiconductor optical modulator are described in the 
above-mentioned embodiments, the present invention 
is also effective not only for other semiconductor optical 
devices such as a semiconductor optical amplifier, a 
photodiode and the like, and a semiconductor electronic 
device, but also for an integrated device in which an op- 
tical modulator and a semiconductor laser are integrat- 
ed, an integrated device in which a semiconductor op- 
tical amplifier and an optical modulator are integrated, 
and an optoelectronic integrated circuit (OEIC) in which 
the semiconductor optical device and the semiconduc- 
tor electronic device are integrated. 
[0077] As described specifically based on the embod- 
iments, according to the present invention, since the Ru- 
doped semi-insulating InP layer that has a complete 
semi-insulating property is inserted between the Fe- 
doped semi-insulating InP substrate and the Zn-doped 
p-InP cladding layer, inter-diffusion between Fe and Zn 
can be prevented. As a result, conventional problems 
are solved. That is, the semi-insulating property of the 
substrate does not degrade, and the concentration of 
the p-type dopant in the p-type cladding layer does not 
decrease. Therefore, the remarkable effect that a high 
performance semiconductor optical device can be fab- 
ricated can be obtained. The same effect can be ob- 
tained for the semiconductor electronic device and the 
like. 

[0078] The present invention is not limited to the spe- 
cifically disclosed embodiments, and variations and 
modifications may be made without departing from the 
scope of the invention. 



Claims 

1. A semi-insulating substrate comprising: 
a substrate; 

a Ru-doped semi-insulating semiconductor lay- 
er that is formed on said substrate; and 

wherein said Ru-doped semi-insulating sem- 
iconductor layer has a complete semi-insulating 



property. 

2. The semi-insulating substrate as claimed in claim 
1, wherein: 

5 

said substrate is a Fe-doped semi-insulating 
InP substrate; and 

said Ru-doped semi-insulating semiconductor 
layer is a Ru-doped semi-insulating InP layer. 

10 

3. The semi-insulating substrate as claimed in claim 
1, wherein: 

said substrate is a Fe-doped semi-insulating 

15 InP substrate; and 

said Ru-doped semi-insulating semiconductor 
layer is a Ru-doped semi-insulating InAlAs lay- 
er, or a Ru-doped semi-insulating InGaAs layer, 
or a Ru-doped semi-insulating InGaAIAs layer, 

20 or a Ru-doped semi-insulating InGaAsP layer. 

4. A semiconductor optical device comprising at least 
a p-type semiconductor layer, a nondoped semi- 
conductor layer and an n-type semiconductor layer, 

25 which are stacked in this order on a semi-insulating 
substrate; 

said semi-insulating substrate comprising: 
a substrate; 

30 a Ru-doped semi-insulating semiconductor lay- 

er that is formed on said substrate; and 

wherein said Ru-doped semi-insulating sem- 
iconductor layer has a complete semi-insulating 
35 property. 

5. The semiconductor optical device as claimed in 
claim 4, wherein: 

40 said substrate is a Fe-doped semi-insulating 

InP substrate; and 

said Ru-doped semi-insulating semiconductor 
layer is a Ru-doped semi-insulating InP layer. 

45 6. The semiconductor optical device as claimed in 
claim 4, wherein: 

said substrate is a Fe-doped semi-insuiating 
InP substrate; and 
so said Ru-doped semi-insulating semiconductor 

layer is a Ru-doped semi-insulating InAlAs lay- 
er, or a Ru-doped semi-insulating InGaAs layer, 
or a Ru-doped semi-insulating InGaAIAs layer, 
or a Ru-doped semi-insulating InGaAsP layer. 

55 

7. A fabrication method of semiconductor thin film, 
comprising the steps of: 
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forming a Ru-doped semi-insulating semicon- 
ductor layer on a Fe-doped semi-insulating InP 
substrate, wherein said Ru-doped semi-insu- 
lating semiconductor layer has a complete 
semi-insulating property; and s 
forming a semiconductorcrystal growth layerto 
which a p-type impurity is doped. 

The fabrication method of semiconductor thin film 
as claimed in claim 7, wherein said Ru-doped semi- 10 
insulating semiconductor layer is a Ru-doped semi- 
insulating InP layer, or a Ru-doped semi-insulating 
InAIAs layer, or a Ru-doped semi-insulating InGaAs 
layer, or a Ru-doped semi-insulating InGaAIAs lay- 
er, or a Ru-doped semi-insulating InGaAsP layer. 15 
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FIG.3A 
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FIG.4A 




FIG.4B 
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